PhotoDSC has been applied to follow the global kinetics of chain scissions resulting from the UV light irradiation or from the thermal degradation of a high molecular weight PEO (4x10 6 g.mol ) whereas the degradation rate was higher in the case of UV irradiation than in the case of thermoageing
Introduction
PhotoDSC combines in a single equipment light irradiation and DSC measurement.
Light is brought inside the DSC furnace by two symmetrical optical fibers. Classically, photoDSC is devoted to photopolymerisation studies. The heat released by the light/matter interactions is directly recorded by the DSC apparatus. In a previous
paper [1] we demonstrated that the photoDSC system can be considered as a very useful and versatile device for the in situ study of ageing of semicrystalline polymers.
In fact, the possibility of easily controlling the temperature (-150 to 500 °C), the nature of the atmosphere (O 2 , N 2 , air …), the irradiation power (0-2000mW) and the irradiation wavelength make this device an efficient tool to perform and characterize artificial accelerated photo and thermo degradation. This paper presents a kinetic study of thermo and photoageing of poly(ethylene oxide), PEO, at several temperatures and light intensities. PEO is a semicrystalline water-soluble polymer [2, 3] , with a crystallinity that is very sensitive to the thermal history of the samples [4, 5, 6] , which makes this property interesting as an indicator of the degradation.
Because it is a biodegradable and biocompatible polymer, PEO is a good candidate for environmental and medical applications [7, 8] . The mechanisms of thermo and photooxidation of PEO have already been investigated [9, 10] on the basis of IR identifications of the oxidation products. Interestingly it was found that photooxidation favors the accumulation of formates against esters whereas thermooxidation leads to equal amounts of both these oxidation products. It can be anticipated that both these conditions of ageing result in different modifications of the macromolecular architecture since the formation of formats is accompanied by macromolecular chain scissions and not that of esters.
The aim of this study is to show how photoDSC can be used to obtain kinetics constants and determine the thermodynamics properties associated to the degradation of a semi crystalline polymer such as PEO.
Experimental
Several samples of poly(ethylene oxide) were used. The samples with a molecular weight lower than 10 4 g. Hamamatsu light generator equipped with a "Lightningcure LC6" source (Xe/Hg, "medium pressure") was affixed to the DSC device as represented on figure 1. Principle of the photo-DSC device
The light generator is servo-controlled by the DSC software (STARe) which permits a choice of both the light intensity from 0 to 324 mW/cm 2 and the duration of the irradiation. Two identical fiber bundles supply the irradiation light both to sample and reference DSC pans. The source, filtered by the sapphire disks, delivers radiations of wavelengths longer than 300 nm, representative of outdoor ageing .
All the experiments were performed under flowing air atmosphere (50 ml.min -1 ).
X-Ray Diffraction (XRD) was performed on a Siemens D5000 Diffractometer working in the Bragg-Brentano configuration with Cu-K α radiation (λ = 1.5406 Ǻ 
Results

1-Relationship between the crystallinity of the PEG and PEO samples and their molecular weight.
To establish the relationship between the crystallinity of the PEG and PEO samples and their molecular weight, DSC and XRD experiments were performed and compared. Figure 2 shows the results of DSC recordings. For each sample 10 mg were submitted to an appropriate program temperature to record the corresponding endotherm of fusion. The heating rate was taken equal to 2°C/min. Both the heat of fusion (∆H in J.g -1 ), derived from the area under the peak, and the melting temperature (Tm), taken at the top of the signal, depend on the sample molecular weight (Mn). As can be seen in the inset, from 4x10 6 XRD patterns of the same samples are presented in Figure 3 . The peak around 24° is a combination of the (112) and (032) reflections and the peak at 20° corresponds to the (120) reflection [11, 12] . The inset (a) presents an enlargement of the (120) peaks. In the inset (b) the intensity of the (120) 
2-Photo-ageing of PEO
PEO1 sample (4x10 6 g.mol -1 ) was submitted to photo-ageing using the photoDSC system. A small quantity around 6 mg of the PEO powder was set in the DSC pan and then exposed to the program described in Carbonyl region of photo-aged PEO samples irradiated at 750 mW and 75°C for various time (0, 1, 2 and 4 minutes). The main band at 1725 cm -1 is attributed to formate functions whereas the shoulder at 1750 cm -1 is assigned to esters [9] .
3-Thermoageing of PEO
Thermal ageing experiments were performed by using the same temperature program as shown above in Figure 4 except that light was switched off. Figure 8 shows the endotherms for the material aged at 90°C, 75°C and 50°C. The evolutions that are observed are more complex. Indeed, two peaks can be pointed out at 62°C and 67°C respectively. While thermooxidation proceeds, the peak at 67°C
progressively decreases in favor of the peak at 62°C before the later shifts towards the low temperatures. However, as shown in the insets (Figure 8 ), the ratio of the heat of melting (∆H(t)) to its initial value (∆H(0)) reveals the same profile as recorded To confirm the results of the thermal oxidation experiments, rheological measurements were performed.
In oscillatory measurements of polymer melt flow, the tangent of the phase angle (tan δ) has been used by many authors for characterizing the elasticity and the molecular structure evolution of polymer [13, 14] . The tangent of the phase angle describes the balance between the viscous and elastic behaviors in a polymer melt: Figure 9 shows the evolution of the elastic modulus (G'), the viscous modulus (G'') and tan δ versus the heating time at 90°C. The increase of the tan δ signal reveals a loss of elasticity as a consequence of the extend of the chain scissions process.
Ferretti et al. [15] already observed the degradation under air by regarding the loss of complex viscosity of PEO as a function of the residence time in a mini mixer. Evolution of the storage modulus (G'), the loss modulus (G") and the tangent of the phase angle (tan δ ) versus time (temperature 90°C).
In this section, we attempt to show that the kinetic of oxidation can be followed using the photoDSC results. Combining DSC, rheology, XRD and IRTF gives direct evidences that poly(ethylene-oxide) with a high molecular weight (4x10 6 g.mol 
where k is the rate constant of chain scission and t the time of exposure to the ageing conditions. Table 2 Kinetics of the chain scission reaction occurred in PEO1 at various temperatures.
∆H(t) is the energy of fusion of the PEO1 after a certain irradiation or cure time (t). (a)
: represents the thermooxidation, (b) the photooxidation with 500 mW and (c) with 750 mW as displayed light intensities which correspond to 80 and 120 mW.cm Table 2 The rate constants of chain scission occurred in PEO1 thermooxidized (0mW) and photooxidized (500 and 750 mW) at various temperatures.
The theory of the activated complex gives the expression of k : Eyring's plot for the photooxidation (full symbols) and the thermooxidation (empty symbols) of PEO1 (4x10 6 g.mol -1 ). The square full symbols correspond to a displayed irradiation intensity of 750 mW and the circle full symbols to 500 mW. Table 3 . The photoDSC experiments indicate that the macromolecular chain scission reaction follows a first order kinetic law. The photooxidation rate constant was found several times higher than that of thermooxidation. This confirms former results that indicated that the ratio of the amounts of esters and formates were depending on the experimental conditions of ageing, e.g. thermooxidation vs photooxidation of PEO [9] .
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It has been shown that photooxidation generated five times more formates than esters whereas thermooxidation gave a 1/1 ratio. The mechanism given in scheme 1 [9] recalls that formates are formed with chain scission whereas the formation of esters does not involve the cleavage of the macromolecular backbone. 
Beside, the activation energies, calculated for both thermal and photooxidation, were found quite identical. The difference in the rate constant values was attributed to the difference in the activation entropies (see Table 3 ). According to scheme 1, two kind of chemical bond can be cleaved, the C-C and the O-O. Scission of the macromolecular chain involves only the homolysis of C-C bonds. However, the cleavage of the C-C bond is resulting from the β -scission of the alkoxy radical A.
This radical results from the decomposition of a hydroperoxide or a tetroxyde intermediates [16] . revealing that the kinetics of decomposition of DCP follows a first order law. This permits determining the rate constants that are given in table 4. Using the results summarized in this table, the Eyring's plots can be drawn as represented in Figure 12 (c).
The activation energy of DCP decomposition that can be deduced was found equal to 117 kJ/mol. This result is in a good agreement with the published activation energy values for such peroxide structures [17] . range between 120 and 160 kJ/mol [18] .
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The activation energies determined in the present study (41 kJ.mol -1 ) are too low to fit these reactions of decomposition. However no general and convincing explanation can be proposed. Additional experiments planned in our group are necessary, with the objective of elucidating the role of the diffusion processes, for instance.
Conclusion
The main objective of this work was to demonstrate that photoDSC is suitable to study the oxidative behavior of semicrystalline polymers. The photoDSC apparatus was used to study photooxidation and thermooxidation of a high molecular weight poly(ethylene oxide) (PEO). The changes in the enthalpy of fusion of PEO were used as an experimental parameter that is related to the length of the macromolecular chains. IR and rheological measurements have been performed to confirm that the modifications resulting from photo and thermal ageing produced in situ in the DSC equipment revealed the chain scission phenomena. It was found that the chain scission reactions undergone by PEO follow a first order kinetic law. The activation energies for both thermo and photooxidation reactions were found identical and equal to 41 kJ/mol. The activation energy for cleavage of the -O-O-bond in dicumyl peroxide was measured and estimated as 117 kJ/mol. This suggests that the cleavage of the alkoxy peroxide which is involved in the commonly proposed reaction mechanism could not be the determining stage in the global kinetics of chain scissions.
